Temperature affects nearly all biological processes, including acoustic signal production and reception. Here, we report on advertisement calls of the Puerto Rican coqui frog (Eleutherodactylus coqui) that were recorded along an altitudinal gradient and compared these with similar recordings along the same altitudinal gradient obtained 23 years earlier. We found that over this period, at any given elevation, calls exhibited both significant increases in pitch and shortening of their duration. All of the observed differences are consistent with a shift to higher elevations for the population, a well-known strategy for adapting to a rise in ambient temperature. Using independent temperature data over the same time period, we confirm a significant increase in temperature, the magnitude of which closely predicts the observed changes in the frogs' calls. Physiological responses to long-term temperature rises include reduction in individual body size and concomitantly, population biomass. These can have potentially dire consequences, as coqui frogs form an integral component of the food web in the Puerto Rican rainforest.
Introduction
Ectotherms such as amphibians obtain body heat exclusively from the environment rather than from oxidative metabolism [1] , and thus aspects of both acoustic signal production [2, 3] and reception [4, 5] are temperature dependent in these animals [6, 7] . The Puerto Rican coqui frog, Eleutherodactylus coqui (Anura: Leptodactylidae), is abundant in Puerto Rico where it can be found at altitudes from sea level to over 1000 m. Males emit a characteristic twonote call ('co-qui'; figure 1) in which each note has special significance for each sex: the 'co'-note is used for territorial defence against intruding males, and the 'qui'-note is used to attract females [8, 9] . In this species, the advertisement calls and snout -vent length (SVL) both vary along an altitudinal gradient such that at 30 m above sea level (a.s.l.), small males produce short, rapidly repeating, high-pitched calls, whereas at 1000 m.a.s.l., males are larger and the calls are longer, lower pitched, and repeated more slowly [10] . More recently, it was found that the spectral content of the calls and the frequency to which the inner ear is most sensitive are tightly correlated and change concomitantly along this same altitudinal gradient [11] . It was suggested that the animal's body size, conditioned by the calling site temperature, determines both the frequencies of the emitted calls and the highest sensitivity of the inner ear [11] . In 2006, we recorded the advertisement calls of 116 males of E. coqui along the same altitudinal transect in Puerto Rico sampled 23 years earlier [10] . A comparison between the two datasets revealed significant differences in the animals' advertisement calls; at a given altitude, they decreased in duration and increased in pitch. These changes correspond to a shift of the frog's population to higher elevations, probably an adaptation to an increased ambient air temperature [12] . We confirmed the occurrence of such a temperature rise in Puerto Rico using hourly temperature data from four independent weather stations. This temperature rise agrees both qualitatively and quantitatively with the predicted temperature changes that are necessary to explain the observed changes in the advertisement calls over this 23 year period.
Results
The advertisement calls and the body sizes of males of coqui frogs systematically varied with elevation (figure 2; circles), in a manner similar to that reported in 1986 [10] . To compare the parameters (co-note frequency, qui-note frequency, call duration and SVL) from the 2006-dataset with those reported in 1986 (shown as diamonds in figure 2), analysis of covariance was used, with the year of recording as the nominal variable. It was found that, for each measured parameter, the slopes of the regression lines were not significantly different (F-test; p . 0.05; see tables 1 and 2 for a summary of the results). Subsequent analysis-in which the fitted model consisted of two straight lines with a single, shared slope-revealed that all three call parameters in the two datasets differed significantly in their y-intercepts (F-test; p 0.01). That is, after 23 years, the advertisement calls had changed significantly such that they increased in pitch and decreased in duration at any given elevation along the monitored transect. Transformed into changes along the abscissa, the y-intercept differences indicate that the populations shifted to higher elevations over the 23 year period (co-note: þ49.4 m; qui-note: þ83.3 m; call duration: þ86.5 m). For SVL, a similar shift in elevation was found (þ46.6 m), although the regression lines did not differ significantly in their y-intercepts.
For each of the parameters tested, we tested against our conclusions being the result of biased sampling in altitudes or anomalous individuals in either dataset by comparing the distributions of sampled altitudes and the distributions of the variances of the residuals. These were not significantly different between the two datasets (Kolmogorov-Smirnov, p . 0.05).
Shifts in the latitudinal and altitudinal distribution of species in response to changing climate are well documented [13, 14] . Here, we hypothesize that a similar (altitudinal) shift occurred on a population level in response to an increased ambient air temperature. Using an environmental lapse rate of 5.58C km 21 [15] , the derived altitudinal shifts predict that-relative to the data reported in 1986-the ambient temperature in Puerto Rico had increased by 0.26 -0.488C in 2006 (table 2) . To verify these predicted temperature changes, we obtained hourly temperature data from four Puerto Rican weather stations. These data were combined, and the trend in temperature change was evaluated using linear regression ( figure 3 ). Based on yearly residual temperatures over the 23 year sampled period, it was found that the long-term temperature trend could be appropriately represented by a straight line, and that the sampled years (1983, 1984 and 2006) were not different from the main trend in terms of their means. The residual analysis was repeated (not shown) for each weather station individually and/or only using temperature data for the months in which the calls were collected. In none of these analyses, did we find indications for significant temperature anomalies either in the 3 sampled years or in any of the other years. Between 1983 and 2006, the surface temperature increased significantly (t-test, p , 0.001) at a mean rate of 0.0168C per year (0.015-0.018; 95% confidence interval), resulting in an average temperature rise of 0.378C (0.34-0.418C) over the 23 year period. A similar increase in temperature was recently reported for the tropics on a global scale [16] . These temperature changes agree well with the changes predicted from the physiological parameters.
Discussion
We have recorded the advertisement calls and SVLs of males of coqui frogs along an altitudinal gradient in Puerto Rico and found systematic variation with elevation. A similar study-along the same altitudinal transect-was reported in 1986 [10] , which allowed a comparison between the two datasets. We found that changes with elevation were unaltered (i.e. the slopes of the regression lines were not significantly different; table 1), but that the absolute values of the call parameters had changed significantly (as reflected in differences in the regression lines' y-intercepts; table 2). That is, the co-note and qui-note frequencies were significantly higher, and the call durations significantly shorter in 2006 compared with the advertisement calls measured 23 years earlier.
Several explanations may be offered to account for these long-term trends. First, anomalies in the datasets themselves may have biased the results, either by the inclusion of outliers and/or differences in sampled altitudes between 1983-1984 and 2006. However, pairwise-comparison tests (KolmogorovSmirnov, p . 0.05) excluded both these explanations. Second, it may be that during the 3 sampled years, temperature was unusually high or low. Residual analysis indicated this not to be the case; none of the sampled years was anomalous (re. the long-term temperature trend) in terms of their mean temperatures nor in their variation around these means. Third, the mean local temperatures during our recordings may have been different in the sampled years. In fact, it is likely that the recording temperatures in 2006 were higher compared with 1983-1984. This, however, would not discount any conclusions related to the effect of the long-term temperature increase, simply because that trend is the cause for the temperature difference during the recordings. In other words, it would be hard to disentangle the direct effect of recording temperature and the long-term temperature effect, as the latter would be reflected in the former. Given that we found no indications that temperatures in 2006 were aberrant, any local temperature increase most probably reflects this long-term trend.
We believe this study is the first to demonstrate a correlation between the vocal communication system of an ectothermic vertebrate and long-term temperature change. In these animals, both the properties of vocal signals (e.g. frequency, duration) and auditory detectors depend on ambient temperature, which conditions an individual's body size [11, 17] .
Clinal variation in the male advertisement call parameters of E. coqui has been recently documented in four additional sites in Puerto Rico and two sites in Hawaii [18] . Given that temperatures in Hawaii are lower than those in Puerto Rico at similar elevations, and that the frogs in Hawaii exhibit less variation in body size than their Puerto Rican Table 1 . Overview of straightline fits to the parameter versus altitude scatter plots (figure 2). Each of the parameters from the 1983 -1984 (reported in 1986) and the 2006-dataset was fitted separately with the line given by: parameter ¼ a þ b Â altitude. Also reported are the coefficient of determination (r 2 ) and the number of data points (N). When available, 95% confidence intervals are given in parentheses. The two regression lines reported for 1986 are from the digitized data (calc), and as reported in [10] [10] . They both should have been 170, the number of points reported for the co-note, rather than 131, which refers to the number of animals caught.
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Long-term global temperature increases have been implicated as a driving force on a wide variety of biological processes [19] [20] [21] [22] . These include shifts in species' geographical range [14, 23] and metabolic rate [16] , among others. We used the differences between the regression-line y-intercepts to calculate 'effective' elevational shifts (þ46.6 to þ86.5 m) for the coqui frog populations, and interpreted these as an adaptation to an increased ambient temperature. The resultant predicted temperature increases (0.26-0.488C) correspond closely to the actual temperature increase (0.34-0.418C) that occurred in Puerto Rico over the same 23 year period. It is interesting that the frogs' advertisement calls are sensitive to the small long-term temperature increase despite relatively large daily temperature shifts (+5.18C) observed at the four low-altitude weather stations ( figure 3 ). The role of daily fluctuations in habitat temperature of a variety of species of ectotherms has recently come under scrutiny [24, 25] .
Our study is unique in that it has documented changes in frog calls that are correlated with long-term temperature changes along an elevational gradient. We hypothesize that if the current trends continue unabated-i.e. temperature rises at the same rate and the animals continue to adapt to this change as they have been doing over the 23 year period of this study-populations of calling coqui frogs at the end of the twenty-first century will sound and look quite different from those of 2006. For example, extrapolating from our data at the base of the mountain, the mean co-and qui-note frequencies will rise by 6% and 11.5%, respectively, whereas the mean call duration will be 17.3% shorter. Such large changes may have deleterious effects on the coqui frog's mating success. Communication relies on the presence of both a vocalization apparatus and a frequency-matched auditory detector. This has been shown in males of E. coqui to be the case along the entire altitudinal transect [11] . However, unless the temperature dependence of the mostsensitive inner ear frequency in females tracks that for the male call-note frequencies, the expected temperature change will effectively uncouple the sound production and detection systems in these (and presumably other sympatric) frogs [6] .
The predicted increase in ambient temperature in Puerto Rico at the end of the twenty-first century (1.37-1.688C re. 2006) may result in a culling of the low-elevation populations as animals become increasingly temperature stressed, reducing their total biomass. The observed trend (figure 2) in the coqui frogs' SVL would also result in reduced biomass with a longterm temperature increase. Given that coqui frogs comprise an integral and significant component of the Puerto Rican food web, this loss will likely affect trophic cascades for which the Puerto Rican coqui frog is a predator and/or prey [26] . (table 1) . Because these were not different (rows 1 and 2), the fitted model was altered to include only a single, shared slope for both datasets (rows 3 -5; with 95% confidence intervals in parentheses). Per parameter, the y-intercepts from this model were compared (F-test; rows 6 and 7). Based on the difference in y-intercepts, the regression-line slope and the decrease in temperature with elevation (5 The calling sites of these animals ranged from 10 to 1020 m.a.s.l. (28 unique elevations), spanning nearly the entire altitudinal range at the study site.
Materials
between the obtained parameters from 1983 -1984 and 2006. For each parameter, an F-test was used to compare the regression-line slopes obtained from the 1983 -1984-and 2006-datasets
(b) Data collection
For each individual, between three and 21 vocalizations were recorded (Sony TC D5M) by placing a directional microphone (AKG CE8) with windscreen approximately 1 m from the calling male. Following each recording, the SVL was measured to the nearest 1 mm for each animal we could capture (74/116 males; 64%). The altitude was recorded to the nearest 10 m using an altimeter (Thommen classic TX-12) calibrated against a United States Geological Survey 20 m contour map.
(c) Data analysis
Recordings were digitized (Creative Labs, Audigy SE; F sample ¼ 44 kHz), and for each call, three parameters were measured using the software package SOUNDRULER [27] . The fundamental frequencies of the co-notes and qui-notes were determined-to the nearest 1 Hz-at 20 ms after the onset of the notes. The total call duration was taken from the onset of the co-note to the offset of the qui-note, determined to the nearest 1 ms. All recorded calls were analysed for each frog. The means of the three call parameters and SVL as a function of altitude were fitted with straight lines using least-square minimization.
(d) Comparison with 1983-1984 data
The study site and the calculated call metrics are the same as those reported by a previous study done 23 years earlier [10] . The original data from 1983 to 1984 are no longer availablethey were destroyed by a flood. We retrieved data points from the original high-resolution figures that were used for the 1986 manuscript using a circular Hough transform algorithm. We note (table 1) that the number of detected points deviates from the numbers reported in reference [10] .
Although it is possible that closely overlapping points are not detected, we found more points than originally reported in two of four plots. Although we can only speculate on the cause of these deviations, we are confident that the method provided an accurate representation of the original dataset. Similar to the data from 2006, the retrieved data were fitted with straight lines using least-square minimization.
(e) Long-term temperature data To combine data across multiple weather stations, we used the method described in reference [28] , except that the spatial component was ignored. Note that the combined dataset represents temperature changes (DT ), not absolute temperature.
